Abstract. Cerebellar long-term depression (LTD) at the parallel fiber-Purkinje cell synapses has been proposed to be a neural substrate for classical eyeblink conditioning. Mutant mice lacking the glutamate receptor subunit δ2 (GluRδ2), in which the cerebellar LTD is disrupted, exhibited a severe impairment in the delay eyeblink conditioning with a temporal overlap of CS and US. However, they learned normally trace and delay conditioning without CS-US overlap, suggesting a learning mechanism which does not require the cerebellar LTD.
Introduction
Classical eyeblink conditioning is one of the most extensively studied forms of associative motor learning [1] [2] [3] . These learning experiments can be divided into two distinct types, delay and trace paradigms, depending on the temporal relationship between the conditioned stimulus (CS) and the unconditioned stimulus (US) [2] . In the trace paradigm, a stimulus-free interval (denoted TI for 'trace interval') intervenes between the preceding CS offset and the US onset, forcing a subject to form a short-term memory ('trace') of the CS in order to successfully predict the US onset. On the other hand, there is no interval between the two stimuli in the delay paradigm. In a standard delay paradigm, tone CS precedes and coterminates US (air-puff to the eye or periorbital electric shock). In a variant form of delay paradigm, however, US starts just at the offset of the preceding CS, without overlap or interval between the two stimuli.
The delay paradigm has been far more extensively used than the trace paradigm in studies on the neural mechanisms underlying this type of learning [3, 4] . The basic neural circuitry has been identified through lesion studies, and electrophysiological and anatomical characterizations of the projection pathways. The evidence accumulated thus far indicates that the memory trace is formed and stored in the anterior interpositus nucleus and overlying cerebellar cortex [3] [4] [5] . Several investigators have proposed that cerebellar long-term depression (LTD) at parallel fiber (PF)-Purkinje cell (PC) synapses is a key mechanism underlying eyeblink conditioning [6] [7] [8] . To test this hypothesis, gene-targeting technology in mice was introduced into this field in 1994 [9] . Although results of studies using cerebellar LTD-deficient mutant mice lacking the metabotropic glutamate receptor type 1 [9] and mice lacking glial fibrillary acidic protein [10] suggested that cerebellar LTD is a neural substrate for delay conditioning, these findings are inconclusive [11] , as these molecules are also expressed in structures other than the cerebellar cortex in the wild-type mouse, including the hippocampus. In contrast, the glutamate receptor subunit δ2 (GluRδ2) is selectively expressed at the dendritic spines of PCs [12] and essential to the induction of cerebellar LTD [13] . Therefore, GluRδ2-null mice, in which cerebellar LTD is specifically impaired, provide a useful means for investigating the role of cerebellar LTD and other regions of the brain separately in eyeblink conditioning.
In previous papers [14, 15] , we reported that mutant mice lacking GluRδ2 (GluRδ2 −/− mice) exhibited impairment with standard delay eyeblink conditioning (Interstimulus interval of 252 ms). This gives a strong support for the cerebellar LTD hypothesis in the delay eyeblink conditioning. However, trace eyeblink conditioning with 500-ms and shorter TIs was normal. This rather surprising result has been confirmed in an experiment using mutant mice lacking phospholipase Cβ4 which is expressed specifically in Purkinje cells in a rostral half of the cerebellum, a region known to be responsible for eyeblink conditioning [16] . Furthermore, we found that delay conditioning without temporal overlap of the CS and US is normal in GluRδ2 −/− mutant mice, indicating that there is a distinct difference in the cerebellar mechanism involved in delay conditioning with CS-US overlap and delay as well as trace conditioning without CS-US overlap. Thus it may be more appropriate to redefine the delay conditioning without CS-US overlap as a limiting case of trace conditioning with zero TI, since its cerebellar mechanism is most likely the same as that of trace conditioning. Our results demonstrate that cerebellar LTD-independent learning is possible in paradigms without temporal overlap between the CS and US. On the other hand, GluRδ2 and cerebellar LTD are essential for learning when there is CS-US temporal overlap, suggesting that cerebellar neural substrates underlying
